[1] The optical properties of estuaries can vary considerably with the delivery of pigmented materials from surrounding watersheds and marine waters. In this study, optical properties sampled at 158 stations throughout the Long Island Sound (LIS) estuary between 2004 and 2007 show significant regional variability. Chlorophyll, total suspended matter, light absorption, and scattering are exceptionally high compared to other coastal data. Inherent optical properties and sea surface reflectances revealed at least two optical domains: a phytoplankton-dominated regime in western LIS and New York Bight and a sediment-dominated regime in central and eastern LIS. Multivariate ordination analysis identified clusters of stations conforming to these optical domains, as well as stations near the Hudson and Connecticut rivers representing optical end-members in LIS characterized by high chromophoric dissolved material (CDM) and biomass (Hudson River) and high sediment loads (Connecticut River). However, winds, tides, and subtidal estuarine circulation redistribute optical constituents throughout the major basins of LIS and homogenize riverine influence. Ocean color parameters, used to define the spectral quality of optical constituents, such as the spectral slopes of particulate backscattering and CDM absorption, and the chlorophyll-specific phytoplankton absorption did not cluster and are relatively constant throughout the region at all times of year. Therefore, variability in spectral reflectance in LIS is principally controlled by the relative magnitudes of the optical properties at each station rather than by significant differences in spectral quality of optically significant constituents. Consistency in these ocean color parameters minimizes the necessity for subregional or seasonal "tuning" of ocean color algorithms. 
Introduction
[2] Variability in optical properties and biogeochemical constituents tends to be high in the coastal zone as a result of localized dynamics and variability in the sources of particulate and dissolved materials [Bricaud et al., 1995; Coleman, 1999; Astoreca et al., 2006; Brando et al., 2006] . For instance, Oubelkheir et al. [2006] recently reported 2 orders of magnitude variability in the particle scattering and dissolved absorption in the macrotidal waters extending from the Fitzroy Estuary to the Keppel Bay in northeastern Australia, while the backscattering efficiency varied as much as a factor of 6 across the same region. Chang et al. [2007] ascribed large variability in optical properties and chlorophyll concentration in the Santa Barbara Channel to localized seasonal events such as river plumes, storm events and upwelling. Such optical variability presents distinct challenges to ocean color remote sensing algorithm parameterization and performance, particularly in an optically complex estuary such as Long Island Sound. Overcoming these challenges requires that optical variability is understood in the context of driving physical and biological dynamics of a region.
[3] The inherent optical properties (IOPs) of the water column depend on the composition, concentration and size of suspended particles and dissolved material in the water column (see Table 1 for abbreviations). Inversely, water column optical properties are proxies to important biogeochemical properties such as phytoplankton biomass, pigment concentration (e.g., chlorophyll a concentration, Chl), total suspended material (TSM), and particle size distribution (PSD), while they can also determine light availability at depth and solar heat flux Kitchen et al., 1982; Gordon and Morel, 1983; Kirk, 1994; Mobley, 1994] . The magnitudes of the absorption a(l), scattering b(l), and attenuation c(l) coefficients (where l is wavelength) are proportional to the concentrations of various dissolved and suspended particulate constituents in the water column. In fact, the IOPs can be related to biogeochemical properties provided the specific IOPs (i.e., optical property per unit constituent concentration) are known. Each IOP can be linearly separated into dissolved, nonalgal particulate (NAP), and phytoplankton components. In coastal and estuarine waters, variability in nutrient abundance and sunlight, riverine and tidal sources of chromophoric dissolved material (CDM) and suspended sediments, and episodic wind-wave-driven particle resuspension drive high variability in IOPs such as phytoplankton absorption, a ' (l), CDM absorption, a cdm (l), NAP absorption, a nap (l) and scattering (e.g., particle scattering, b p (l), and scattering in the backward direction, b bp (l)). Similarly, variability in the specific IOPs, e.g., a ' *(l) = a ' (l)/Chl, may be high owing to changes in phytoplankton speciation and/or physiological state (i.e., changes in pigmentation), or changes in pigment packaging. Variability in other specific IOPs, such as the dissolved organic material-specific CDM absorption and the particulate organic carbon-specific particle attenuation have also been well documented [Oubelkheir et al., 2006, and references therein] .
[4] Ocean color remote sensing algorithms operate on the principle that as sunlight passes into and is reflected back from the water column, changes in its spectral quality (i.e., its color) and intensity depend upon the optical constituents in the water. Specifically, the spectral shape and magnitude of the remote sensing reflectance R rs (l) are related to the IOPs in the water column [Morel and Prieur, 1977] . Given certain empirical approximations, semianalytical ocean color algorithms (SAAs) invert R rs (l) for retrieval of IOPs and biogeochemical properties [Zaneveld et al., 2006] . Several SAAs have been developed for waters with high particle loads and turbidity, as well as strong CDM absorption, and various types and sizes of phytoplankton and minerogenic material, i.e., optically complex, or "Case 2" waters in which optical properties are significantly influenced by minerals and CDM, whose concentrations do not covary with the phytoplankton [e.g., Gordon and Morel, 1983; Roesler and Perry, 1995; Garver and Siegel, 1997; Carder et al., 1999; Lee et al., 2002; Maritorena et al., 2002; Van Der Woerd and Pasterkamp, 2008] . In order for these algorithms to accurately retrieve IOPs and biogeochemical properties in complex waters, they may require regional parameterization to accommodate large variability in optical properties, specific optical properties, and other ocean color parameters.
[5] Ocean color parameters describing the spectral shape of IOPs, the slope of the PSD, the particle backscattering ratio (b bp = b bp /b p ), and relationships between inherent optical properties and biogeochemical quantities (e.g., a ' *(l)), are related to the composition and morphology of particulate and dissolved materials in the water column. For example, Twardowski and Donaghay [2001] described a method for estimating the bulk particulate refractive index (relative to 
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Upwelling, water-leaving radiance n p Bulk particulate refractive index (relative to seawater) R rs (l) sr Total suspended material water) using the slope of PSD, x (or the spectral slope of c p , g), together withb bp . The spectral slope of CDM, S cdm , can be related to the chemical composition (i.e., humic acid to fulvic acid ratio ) and its relation to the origin of the organic material [e.g., Bricaud et al., 1981; Roesler et al., 1989] and photooxidation state [Mopper et al., 1991] . Pigment composition, community structure, and physiological condition of phytoplankton can be estimated from a ' * Roesler et al., 1989; Ciotti et al., 2002; Moore et al., 2005] . Regional parameterization of SAAs often depends on characterization of these and other ocean color parameters to achieve accurate retrievals of IOPs and biogeochemical properties.
[6] Here, we evaluate the optical properties of Long Island Sound (LIS, Figure 1 ) which stretches about 177 km to the east of New York City, is 34 km wide at its widest point, and averages 24 m in depth. Water flows into LIS from the nutrient rich Hudson River (i.e., by way of the East River) at the head of the estuary, from the sediment laden Connecticut River (the largest of many rivers draining into LIS), and from the comparatively clear shelf waters east of the Race (Figure 1) . Each of these end-members has distinctive optical qualities, but strong tidal and subtidal exchange mix these waters in ways which are only now beginning to become clear through increased observatory and ferry sampling efforts [Codiga and Aurin, 2007; O'Donnell et al., 2007] . The distribution of optical and biogeochemical properties is further complicated by nonfluvial coastal influences, such as episodic wave driven resuspension of sediments and wastewater discharge, at this gently sloping, sediment-rich continental margin.
[7] Unlike most estuaries, LIS receives most (>70%) of its riverine input from the Connecticut River just 20 km from the mouth of the estuary [Blumberg and Pritchard, 1997; Gay et al., 2004] . Exchange between the estuary and shelf waters at the mouth of LIS (i.e., the Race, Figure 1 ) is driven by semidiurnal flushing and vigorous subtidal exchange [Codiga and Aurin, 2007] . Studies of other estuaries, such as Blondeau-Patissier et al. [2009] in northeastern Australia, have suggested that multiple distinct optical domains (i.e., water masses having similar spectral characteristics in their optical properties and specific IOPs) may occur within a river-estuary-ocean mixing region, and that regionally averaged values of ocean color parameters may not adequately represent these water types. This study aims to address whether such optical domains may be found within LIS, or whether robust mixing may lead to widespread homogenization of optical properties and/or ocean color parameters between the riverine and shelf water end-members.
[8] The earliest treatment of the optical properties of LIS in the literature dates back to Morrison's [1970] study, and several studies have included optical data from LIS since then [Leathers et al., 1999; Gardner et al., 2001; Sosik et al., 2001; Morrison and Sosik, 2002; Werdell and Roesler, 2003; Etheridge and Roesler, 2004; Branco and Kremer, 2005; Ackleson, 2006] . Time series profiles of IOPs at the Race in 2000 and 2001 [Morrison and Sosik, 2002] showed twofold variability in the absorption properties of surface waters associated with tidal transport. Previous studies have focused on highly localized areas within LIS, and do not address broader spatial or temporal trends in multiple IOPs, radiometric properties, or ocean color parameters. Here, we characterize optical properties and ocean color parameters throughout the major basins of LIS, and their influence on the sea surface spectral reflectance. We explore sources of turbidity (e.g., phytoplankton and suspended sediment distribution) and CDM compared with other coastal and estuarine data sets, and address the variability in the quantity and quality of optical constituents throughout the region both spatially and seasonally.
Data and Methodology

Field Data Overview
[9] Broadly speaking, LIS can be broken into three major basins (eastern, central and western; ELIS, CLIS, and WLIS, respectively, Figure 1 ) based on watershed [Burg, 2008] and circulation [Riley, 1956] . Two additional subregions accommodate stations sampled within and adjacent to the two largest fresh water sources in the region: the Hudson and Connecticut rivers. The first, collectively referred to here as New York Bight (NYB), comprises any stations sampled in the Hudson River, New York Harbor, the East River, Raritan Bay or New York Bight. While these stations are not technically within LIS, they are included here because of the strong influence these waters have on the western Narrows and WLIS in general. The second encompasses all stations sampled within 1.5 km of the mouth of the Connecticut River (CTR). Within these two subregions (CTR and NYB), plume stations (CTRp and NYBp) are identified based on a combination of factors, including vertical salinity gradient strength,b bp , change in x with depth, "brownness" of the surface waters as measured by R rs , and visual confirmation of the plume structure from field notes. It should be noted that NYBp stations include stations sampled in the NYB and WLIS geographic regions, since both are associated with Hudson River plume waters.
[10] Field measurements for this study comprise R rs (l), IOPs, Chl, PSD, TSM and ancillary data collected at 158 stations during twelve cruises between May 2004 and December 2007 (Table 2 ). Each component of the field data has a unique protocol for processing, binning, weighting, merging, etc., sometimes requiring interdependent and/or iterative processing. We therefore have included two flowcharts (Figures 2a and 2b ) to clarify and summarize the methodology description that follows. Comparisons are made with the NASA Bio-optical Marine Algorithm Data Set (NOMAD), an archive of marine optical measurements from over 3,400 predominantly coastal stations worldwide [Werdell and Bailey, 2005] , as well as numerous other coastal studies in North America, Europe, and Australia.
Optical, Biogeochemical, and Ancillary Measurements
[11] The dissolved absorption coefficient, a cdm , the total nonwater absorption coefficient (a pg = a − a w ), and the total nonwater attenuation coefficient, c pg , were measured with a profiling platform at a minimum of nine wavelengths, while the backscattering coefficient was generally measured only at 660 nm (exceptions are explained below). Spectral whole and 0.2 mm filtered absorption and attenuation were measured with the ac-9 or ac-S (WET Labs) instruments. The backscattering coefficient was most frequently measured with the BBFL2 or BB3 (WET Labs) instruments, although limited multispectral observations were made using the Hydroscat-6 (Hobilabs). Temperature, conductivity and pressure were measured using a CTD (SBE25 or SBE49, Seabird).
[12] Absorption and attenuation measurements were visually inspected to eliminate bubble contamination, and corrected for time lag associated with flow rate through the ac-9/ac-S. Absorption and attenuation measurements were further corrected for instrument drift, temperature, salinity [Sullivan et al., 2006; Twardowski et al., 1999] and a proportional scattering correction [Zaneveld et al., 1994] was applied. The exponential slope of a cdm
(where l 0 is a reference wavelength) was calculated by fitting a cdm data between 412 nm and 650 nm to equation (1) in a least square, nonlinear sense. Attenuation spectral slope g was calculated using a powerlaw model for particulate attenuation
Volume scattering, b, measurements from WET Labs backscattering instruments were corrected for total absorption along the path length, and particulate backscattering b bp was calculated following . A c factor of 0.9 was used [Sullivan et al., 2005] ; however, published values generally range from 0.9 -1.1 . Uncertainty in the phase function estimated from single angle sensors can introduce large errors (∼20%) into estimates of b bp . Backscattering spectral slope Y was calculated by fitting b p to a power law model in a least square, nonlinear sense between 412 nm and 650 nm, and assuming a spectrally flatb bp [Ulloa et al., 1994; Whitmire et al., 2007] . The backscattering spectral slope was used to extrapolate backscattering measurements at 660 nm to 650 nm and 555 nm for comparison with other instruments and data sets. Optical profile data were binned to 0.5 m. Weighted surface average values of IOPs were estimated following Zaneveld et al. [2005] using the radiative transfer software Hydrolight (Sequoia Scientific) to model the radiant light field.
[13] Particle size distribution was measured using a LISST-100X (Sequoia Scientific) and processed to particle volume concentration using the software provided by Sequoia Scientific. The particle concentration was calculated from the volumetric concentration assuming spherical particles in the assemblage (particles L −1 ). Total particle concentrations were estimated as the sum of the particle concentration across the size range from 6.07 and 230.98 mm (C. J. Buonassissi and H. M. Dierssen, A regional comparison of particle size distributions and the power-law approximation in oceanic and estuarine surface waters, submitted to Journal of Geophysical Research, 2009). The particle size distribu-
, where D is particle diameter), was estimated by normalizing the particle concentration (N) by the width of each logarithmically spaced size bin. The PSD slope, x, was estimated from equation 3 using linear regression of the log-transformed variables
Discrete seawater samples were collected at each station at one or more depths and filtered onto Whatman GFF (nominal pore size 0.7 mm) filters. Filter pads were stored on dry ice while at sea, and then transferred to a −80°C freezer. Chl was determined fluorometrically [Holm-Hansen et al., 1965] . At selected stations, the particulate, phytoplankton, nonalgal particulate, and minerogenic absorption coefficients (a p (l), a ' (l), a nap (l), a min (l)) were measured in a Cary 3E (Varian Inc.) or U-3010 (Hitachi Inc.) dual-beam spectrophotometer following NASA protocols [Fargion and Mueller, 2000] with a path length amplification factor of 2.0 [Roesler, 1998] , and combustion to separate NAP into organic and mineral components [Bowers et al., 1996; Werdell and Roesler, 2003] . TSM concentration was determined gravimetrically at selected stations during summertime cruises in 2005 and 2006 following the procedures outlined in NASA protocols [Hooker et al., 1995] .
Radiometric Measurements
[14] Hyperspectral (325 nm-1075 nm, 1 nm resolution) surface reflectance measurements were taken above the sea surface with a Fieldspec radiometer (Analytical Spectral Devices) and processed to remote sensing reflectance R rs (defined here as water-leaving radiance L w normalized to downwelling irradiance at the surface E s ; spectral notation suppressed) by removing sea surface glint and reflected skylight following Gould et al. [2001] parameterized for the coastal zone. Error in R rs was estimated using variability between five replicate observations.
[15] During several cruises, R rs was also estimated using Satlantic's Hyperpro (350 nm -800 nm, ∼3nm resolution) or HTSRB (350 nm -800 nm, 1 nm resolution) instruments. Both of these instruments collect the upwelling radiances L u below the sea surface and E s from a sensor on the ship (Hyperpro) or a sensor atop the buoy (HTSRB). In the case of the HTSRB, L u was measured at 0.65 m below the sea surface, while the Hyperpro profiled to below the euphotic zone (vertical resolution < ∼ 0.25 m above 3 m; lower below that where low light levels lead to longer shutter integration times). Self-shading corrections were applied to data collected by the radiance sensor beneath the HTSRB buoy following Leathers et al. [1999] and Gordon and Ding [1992] .
[16] In the case of the Hyperpro, L u was extrapolated to immediately below the air-sea interface using a linear fit to a log-transformed profile (assuming a constant diffuse vertical attenuation coefficient in the surface layer), while error was estimated using the variability in E s during the interval of extrapolation. Transmittance across the air-water interface was estimated following Mobley [1994] . Measured L u at 0.65 m by the HTSRB was extrapolated to L w using an iterative closure radiative modeling approach in which the total absorption and attenuation coefficients measured simultaneously at each station in profile (0.5 m bins) and ancillary data were used as inputs to the radiative transfer software Hydrolight. Hydrolight was run iteratively while adjusting the phase function, b, until the modeled upwelling radiance at 0.65 m matched that measured in situ (spectrally integrated difference < 10%). Error in R rs measured by the HTSRB is estimated for each station using the standard deviation in L u measured over the sampling period. Due to the highly turbid nature of LIS, the bottom depths of stations sampled, and the low albedo of bottom sediments generally found in LIS [Werdell and Roesler, 2003 ], all stations were considered optically deep with no bottom reflectance contributing to the surface signature.
Radiative Closure
[17] Inputs to the radiative transfer model, Hydrolight, included a pg and c pg at 0.5 m depth resolution and 9 wavelengths (412, 440, 488, 510, 532, 555, 650, 676, and 715 nm) , medianb bp at each station, and ancillary data (location, time, wind speed, and cloud cover). Pure water absorption values were estimated from Pope and Fry [1997] , and a Fournier and Forand [1994] phase function was estimated in Hydrolight from the median backscattering ratio. Raman scattering was included in the model. Irradiance was estimated using the RADTRAN model [Gregg and Carder, 1990] together with ancillary data.
[18] Stations were evaluated for radiative closure by comparing measured R rs and modeledR rs using two novel metrics: a spectrally integrated R rs magnitude percent difference, and a normalized, integrated R rs shape percent difference. These were calculated as follows: Finally, a weighted rank for closure was established between 0 (best quality) and 10 (worst quality), preferentially weighting differences in spectral shape over magnitude differences, since these have a more significant impact on inversion algorithms
where the denominator acts to scale our results between the ranks of 0 and 10. [19] One-way analysis of variance (ANOVA, critical p < 0.01 [Hogg and Ledolter, 1987] ) in conjunction with TukeyKramer [Kramer, 1956] analysis (significance level 0.05) is used to compare IOPs, biogeochemical properties, and ocean color parameters between LIS and NOMAD data sets, and to evaluate differences in these properties seasonally and between subregions of LIS. Tukey-Kramer multiple comparison procedures provide an upper bound on the probability that any comparison between populations will be found significant, and is considered accurate even in the cases where populations may be correlated.
Statistical Analysis
[20] To establish whether discrete optical domains exist in LIS, multivariate statistics are performed on collective measures of optical property magnitudes and spectral shape parameters using the computational software Matlab © (Mathworks). Prior to recasting data into ordinate space, observations are normalized by dividing the deviation of each data point from the mean of each data parameter by the standard deviation of that parameter (i.e., using the Matlab function zscore) in order to remove artifacts associated with differences in units which might otherwise distort data proximity calculations. A complete linkage hierarchical clustering is evaluated using Euclidean distances to identify stations with similar characteristics. Non-metric Multidimensional Scaling (NMDS), and Principal Component Analysis (PCA) are then applied to help visualize cluster linkages and distances between the many data variables sampled at each station given the clustering thresholds [Gotelli and Ellison, 2004] . These ordination techniques are designed to summarize multivariate data by plotting samples (i.e., field stations) with similar attributes close together when projected into two dimensional plots. Depending on a Euclidean distance threshold, samples are then assigned to discrete clusters of samples with similar attributes. Kruskal's stress test [Kruskal and Wish, 1978] is used to test the probability that NMDS arrived at a correct solution (i.e., stress < 0.1). In other words, it tests whether disparities resulting from the transformation of the data dissimilarities are large. Hierarchical clustering and multivariate statistics are evaluated first to identify similarities in data describing IOP magnitude, and second for data describing IOP spectral quality (i.e., ocean color parameters).
Results
Variability in Optical and Biogeochemical Properties
[21] The magnitudes of all major IOPs are significantly higher in LIS than those reported in NOMAD [Werdell and Bailey, 2005] (Table 3 and Figure 3 ). ANOVA analysis between the two data sets demonstrated that all parameters shown in Figure 3 are significantly different except a ' (676). Dissolved, particulate and nonalgal absorption are significantly higher in LIS, as are b bp and Chl.
[22] As expected for a complex estuary, IOPs and biogeochemical properties exhibit high variability (Figures 3-5) . Across the region, Chl, a min (440), a ' (676), a p (440), b p (440), c p (440) all vary by about two orders of magnitude, while a nap (440) varies by a factor of about 20 (Table 3) .
[23] Spectral plots of three major IOPs, a p , a cdm , and b bp (Figure 4) , illustrate several broad trends in IOP magnitude and variability across subregions. Hudson River plume waters (NYB, dash-dotted line) have the highest a p and a cdm (p < 0.01), and the highest variability of all three parameters, followed by WLIS, the Connecticut River plume, CTR, CLIS and ELIS. Variability in a cdm between, and within, subregions of LIS is generally very small (Figure 4 ), although this is not true of NYB plume waters which exhibit considerably higher a cdm (and higher variability) than nonplume waters. Of the three bulk IOPs shown in Figure 4 , b bp has by far the highest variability within (and between) subregions. CTR plume waters (dash-dotted line in Figure 4 ) have the highest b bp , followed by CLIS, and NYB plume. Plume waters in NYB also exhibit elevations in a p , a cdm and b bp . CTR plume waters, on the other hand, while showing a small elevation and spectral flattening of b bp , show very little change in a p or a cdm ; the exception being enhanced particulate absorption in the blue deriving from NAP ( Figure 4) .
[24] ANOVA shows significant differences (p < 0.01) in optical properties and Chl between subregions where Chl, b bp (650), a cdm (440), a nap (440), a ' (676) and a p (440) generally increase with proximity to either the head of the estuary, or, on a smaller geospatial scale, to the Connecticut River. Exceptions to this pattern can be found at four CLIS stations located in close proximity to New Haven harbor, and one station immediately outside Stratford harbor (Figure 1 , northwest corner of central basin subregion). In these areas, the elevated backscattering ratio suggests higher suspended sediment loads that may result from urban run-off and deposition from the Quinnipiac and Housatonic rivers, which empty into New Haven and Stratford harbors. Another exception is at CTR, where IOPs are also principally driven by delivery of minerogenic materials rather than CDM or phytoplankton. Previous studies have shown that a cdm correlated very well with salinity (r 2 as high as 0.94, p < 0.001) within individual watersheds in LIS [Branco and Kremer, 2005; Branco, 2007] , but here we found that CDM absorption at 440 nm correlated only moderately with salinity over the entire region (r 2 = 0.55, n = 109, p < 0.001), and scatter about the conservative mixing line was approximately random (data not shown).
[25] Variability in Chl, a ' and a nap across the region can be very high within a given season, particularly in autumn and winter, but no significant differences were observed between seasons. Backscattering was found to be significantly lower (p < 0.01) in summer than spring or autumn, but not different from winter. Dissolved absorption is higher in summer than winter or spring, and most variable in autumn. Total particulate absorption is higher in summer than winter, but not different during any other times of year.
Ocean Color Parameters and Variability
[26] The ocean color parameters S cdm , Y, and a ' * are significantly lower in LIS than in the NOMAD data set (Figures 3 and 6) . Differences in the ocean color parameters S cdm and a ' * are small between the two data sets, but Y is considerably lower in LIS (0.23 ± 0.18) than NOMAD (1.25 ± Figure 5 . (middle) Chlorophyll, total suspended material, total particles (∼6 -230 mm), particle size distribution slope, phytoplankton specific absorption (676 nm), and backscattering ratio (650 nm) across the five subregions of the study area. (right) River plume data. (left) LIS averages across all subregions excluding river plume data. Figure 6 . (middle) Backscattering slope, dissolved absorption slope, nonalgal particulate slope, and particle attenuation slope across the five subregions of the study area. (right) River plume data. (left) LIS averages across all subregions excluding river plume data. 0.46), which is not strictly limited to nearshore waters. This is perhaps not surprising given that backscattering by a population of large polydispersed particles, such as those found in estuarine waters, is believed to be approximately spectrally flat (i.e., Y ≈ 0) [Zaneveld and Kitchen, 1995; Babin et al., 2003a] , while smaller particles and/or monodispersion, expected further from shore, leads to stronger spectral dependence and a correspondingly larger Y [e.g., Morel and Ahn, 1990] . Similar to many previous studies on the subject (see review by Twardowski et al. [2004] ), we find that S cdm has low spatial and temporal variability in LIS. Our median S cdm (0.0147 ± 0.0014 nm −1 ) is within the range (0.0145 nm −1 − 0.015 nm −1 ) of what is considered a "typical" marine value from an historical perspective and within 2% of the global average reported in NOMAD, but fell below the values reported by Babin et al. [2003b] for the coastal waters around Europe (0.0176 ± 0.0020 nm −1 ) and by Tzortziou et al. [2006] for the Chesapeake Bay (0.018 nm −1 ). [27] NOMAD does not contain measurements of the backscattering ratiob bp , an indicator of the composition of suspended particles [Ulloa et al., 1994] . LIS is characterized by fairly highb bp (555) (1.3% ± 0.8%), comparable to those found in the English Channel and North Sea (1.38% ± 0.83% [Loisel et al., 2007] ), the Gulf of California (∼0.5% − ∼2.0% [Twardowski and Donaghay, 2001] ), Great Bay, New Jersey, and nearby shelf waters (0.5% − 3.5% ). The backscattering ratio varies by a factor of about 15, and is only weakly correlated to Chl in LIS (r 2 = 0.23), a finding similar to the Loisel et al. [2007] study in the English Channel and North Sea, and does not follow earlier models [Ulloa et al., 1994; Morel and Maritorena, 2001; Twardowski and Donaghay, 2001; Sullivan et al., 2005] , indicating thatb bp is driven more by variability in suspended minerogenic material than by Chl. Furthermore, following the model of Twardowski and Donaghay [2001] , we found that the combination ofb bp and PSD slope, x, suggest a predominance of minerogenic particles with high bulk refractive index (relative to seawater, 1.12 ± 0.04) across the region (Figure 7) .
[28] Within a 95% confidence interval, Y, S cdm , S nap , and g have subregional population means which are not significantly different from the mean of the regional LIS population (Figure 6 (left) ). Statistical differences are evident between only two individual subregions: Y is moderately higher in CLIS (0.36 ± 0.13) than NYB (−0.03 ± 0.24), and S cdm is slightly lower in WLIS (0.0144 ± 0.0009 nm− 1 ) than in NYB plume waters (0.0153 ± 0.0009 nm −1 ). However, values of Y can be qualitatively grouped into two categories depending on the degree of variability in Y and whether they fall above or below the complete data set median line ( Figure 6 , dotted horizontal line). The first group comprises LIS "open waters" consisting of ELIS, CLIS and WLIS which have a high backscattering slope with low variability (Y = 0.32 ± 0.128), and the second comprises localized regions heavily influenced by rivers and nearshore resuspension, and consists of CTR, CTR plume, NYB, and NYB plume, which have a lower slope with very high variability (0.10 ± 0.20).
[29] PSD slope x is higher in CLIS and WLIS than elsewhere signifying a higher proportion of smaller particles. Seasonally, x is significantly lower in winter than spring or summer, signifying higher proportions of larger particles during winter months. Interestingly, no correlation was found between x and the particulate attenuation spectral slope, g, as expected [Voltz, 1954; Kitchen et al., 1982; Barnard et al., 1998; . This may be due to the lack of small particle (<6mm) data in the calculation of x from the PSD (see section 2.2.), while g was calculated from c p data for particles > 0.2 mm . Kitchen et al. [1982] found that in productive natural waters, particles < ∼5 mm do not follow a hyperbolic shape, so omission of Figure 7 . Backscattering ratio at 650 nm and particle size distribution slope by region (symbols) showing estimated bulk particulate refractive index (relative to seawater) modeled after Twardowski and Donaghay [2001] . these size classes seems justified when calculating x, though further study in this area is needed. Particulate backscattering slope, Y, correlated well with g (r 2 = 0.70, rank 10). [30] No differences between seasons are apparent in spectral shape parameters Y, S nap , a ' * or g, but S cdm appears lower in autumn than during the other seasons, which may be a result of seasonal riverine pulses delivering more labile CDM into LIS in autumn [e.g., Carder et al., 1989] .
Radiometric Properties and Variability
[31] Figure 8a shows average R rs and variability (1 standard deviation) for each subregion, with plume stations shown separately. In general, all subregions exhibit typical estuarine reflectance signatures: low R rs in the blue owing to high CDM, NAP and algal absorption, high R rs in the green resulting from relatively high backscattering, and variable R rs in the red depending on the level of phytoplankton absorption (∼675 nm) and chlorophyll fluorescence (∼685 nm). Reflectances are highest in the river plume regions where backscattering is elevated by suspended sediment (Figure 4) , and lowest in WLIS and NYB where algal absorption is highest.
[32] Seasonal variability in R rs is high in all subregions (Figure 8b ). The highest overall reflectances were observed in autumn, although only one subregion (ELIS) was sampled during this season. The autumnal reflectances are characterized by a significant broadening in the green peak of R rs resulting from enhanced suspended sediment backscattering coupled with relatively weak algal absorption in the blue. Other seasons do not appear to exhibit coherent trends in R rs , except that summertime observations show a stronger algal signature: a more "peaked" green reflectance, with notable phytoplankton absorption near 675 nm and chlorophyll fluorescence near 685 nm.
[33] To assess variability in the shape of R rs between subregions, R rs (l) was scaled to R rs (555) (Figure 8c ). Reflectance spectra can be separated into two classes based on spectral shape: algal and sediment driven. NYB and WLIS are algal driven with a highly peaked spectrum centered at 570 nm, similar to phytoplankton-induced red or brown "tides." The remaining subregions are characterized by broader peak reflectances characteristic of high minerogenic "clay-like" particles [Dierssen et al., 2006, Figure 8c ].
Optical Closure
[34] Overall, optical closure between measured and modeled R rs (l) was good, with 53% of stations falling at ranks 1-2, 32% at ranks 3-4, and only 15% of stations ranking 5 or higher. Near-coastal and estuarine waters present particular challenges to optical closure. Studies by Chang et al. [2003] outside Great Bay, New Jersey, and Tzortziou et al. [2006] in the Chesapeake Bay both found that scattering corrections used in processing ac-9 data may have contributed to significant error in absorption measurements in these relatively turbid waters where nearinfrared particulate absorption is often nonzero. They found that these errors lead to discrepancies in optical closure, because absorption measurements were propagated into model estimates of water leaving radiances by incorporation into the radiative transfer model. From spectrophotometric filterpad measurements in LIS, we found that on average a p (715) = 0.02 ± 0.01 m
, and a p (730) = 0.01 ± 0.01 m −1 , although accommodating these offsets (where possible) in the scattering corrections for the WetLabs instruments did not significantly improve our closure results. Tzortziou et al. [2006] furthermore showed that closure may be improved by accounting for spectral shape and depth profile differences inb bp , and by using the a Fournier-Fourand (FF) phase function based onb bp to model the volume scattering function b (l, ) in Hydrolight. In LIS, we found that using an FF phase function based on field measurements ofb bp , rather than the Petzold 'average particle' volume scattering function [Petzold, 1972] , was critical to good closure, but saw no improvement when depth variability inb bp was incorporated into the radiative transfer model.
Discussion
[35] Here we evaluate the diversity of the inherent optical properties and ocean color parameters in the region with respect to the delivery and distribution of optically significant constituents and identification of potential optical water types. Our observations show that LIS is an estuary in which Chl, TSM, light absorption, and scattering are not only exceptionally high compared with the NOMAD data set, but also highly variable from one location to another. The dynamic ranges and maximum values of the absorption coefficient, the backscattering ratio, and Chl, were found to be considerably higher in LIS (Table 3 ) than in nearby coastal and estuarine waters including coastal New Jersey [Chang et al., 2002] , the Gulf of Maine [Balch et al., 2004] , and the Chesapeake Bay [Tzortziou et al., 2006] . Furthermore, sea surface reflectances, IOPs, and biogeochemical properties show that the region may comprise at least two optical domains: a phytoplankton-dominated regime (NYB and WLIS) and a sediment-dominated regime (remaining subregions). The former domain is characterized by spectral R rs having strong algal characteristics, high Chl, high PSD slopes (Figure 7; i.e., more small particles), and low particulate backscattering ratios. The latter domain is characterized by larger particles with higher bulk refractive indexes (Figure 7; i.e., similar to those of clay [Lide, 1997] ) as derived fromb bp and x using the model of Twardowski and Donaghay [2001] . These two domains correspond well with the two cases (phytoplankton and inorganic) presented in the study by Morel and Prieur [1977] , in which phytoplankton-dominated waters exhibited more peaked reflectance maxima in the green than those of sedimentdominated waters. In phytoplankton-dominated waters, strong chlorophyll and carotenoid absorption between ∼400 − 500 nm and chlorophyll absorption centered at 675 nm leads to a "v-shaped" total absorption spectrum (resulting in a more peaked reflectance), while in sediment-dominated waters, enhanced backscattering across the spectrum combined with NAP absorption in the blue leads to a less peaked reflectance spectrum. Our results also show, however, that despite these two domains being present in LIS, the spectral quality of optically significant constituents (e.g., Y, S cdm , S nap , g, a ' *) is not significantly different regionally or seasonally.
Subregional Trends
[36] In eastern Long Island Sound (ELIS), where exchange with the continental shelf is vigorous, the water column has the lowest a p and a cdm in the region (Figure 4) . Phytoplankton absorption and b bp are also low compared with other subregions of LIS, though still significantly higher than those found in nearby continental shelf waters Sosik et al., 2001] . The dissolved constituent absorption in ELIS describes greater than 50% of all (nonwater) absorption in the blue portion of the spectrum (Figure 9 ). The combined effect of these attributes for ELIS is a greenpeaked reflectance spectrum (Figure 8 ) that is somewhat broadened by enhanced backscattering (i.e., above shelf water conditions), particularly in late fall. This optical water mass is dominated by high concentrations of relatively large suspended sediments and low phytoplankton abundance as derived from PSD,b bp , a nap , a ' , and Chl measurements (Figures 5, 7 , and 8).
[37] Twenty kilometers west of the estuary mouth, the Connecticut River (CTR) flows into LIS carrying high sediment loads (e.g., high n p and a nap , low biomass, and a flattening in the R rs peak) and concentrations of CDM comparable to regional averages (i.e., a cdm (440), Table 3 ). However, owing to large tidal excursions carrying LIS water far up into the Connecticut River with each semidiurnal tide, river plume conditions only episodically characterize the optical properties in the CTR subregion. Ackleson [2006] Figure 9. Ternary plot showing the budget of nonwater absorption components (dissolved, nonalgal, and phytoplankton) at 440 nm distinguished by subregion (symbols) for the 37 stations at which all of these components were measured. Internal triangles delimit three regions where each of the absorption components dominate and one mixed region. Arrows indicate axes from which grid lines originate. suggested that relatively large particle aggregates within the CTR plume undergo disaggregation as a result of current shear at the lateral plume boundary. Our data appear to support this theory, showing a lower Y and x (i.e., larger particles) in the plume than in the adjacent waters. During plume events, sea surface reflectance is significantly enhanced in the green and red portion of the spectrum in response to increases in overall backscattering. Moreover, variability in R rs observations is also influenced by seasonality that brings episodic run-off pulses of plume water. CDM represents about half of the absorption in the blue portion of the spectrum in this subregion (Figure 9) , and is not notably enhanced during plume events in CTR (Figure 4) . There was no significant change in S cdm in CTR plume waters compared with adjacent CTR waters or regional averages, suggesting that CDM in the CT River has a similar chemical composition to LIS (e.g., fulvic to humic acid fraction) and has undergone a similar degree of degradation (e.g., photochemical bleaching) prior to entering LIS Carder et al., 1989; Mopper et al., 1991; Roesler et al., 1989] .
[38] The central basin (CLIS) experiences the competing influences of optical constituents from ELIS, WLIS and CTR. Large tidal excursions mix comparatively clear shelf waters with the turbid river discharge, and the productive WLIS waters. Furthermore, subtidal (residual) estuarine flow draws the outflow of the Connecticut River westward into CLIS along the north shore before driving it southward and eastward toward the Race [Codiga and Aurin, 2007] , contributing to the variability in suspended sediment concentrations (as qualitatively estimated from bulk refractive index, a nap , and TSM), b bp , andb bp (e.g., Figures 4, 5, and 7) . Figure 7 shows that particulates are comparatively small (high x), and span a fairly large range in refractive index (∼1.06 − 1.20). However, in general, the optical and radiometric properties of CLIS are closest to region-wide averages, and have low overall variability.
[39] Western Long Island Sound (WLIS) has been studied intensively in recent decades in order to better characterize the factors influencing bottom water hypoxia [e.g., Anderson and Taylor, 2001; O'Shea and Brosnan, 2000; Parker and O'Reilly, 1991; U.S. Environmental Protection Agency, 1998] . Observations made during this study (e.g., Chl, a ', R rs ) agree with earlier findings that WLIS is the most phytoplankton rich area within LIS [Anderson and Taylor, 2001 ; Connecticut Department of Environmental Protection (CTDEP), 2005]. High a ' and a cdm in the blue diminish blue reflectances leading to weaker, more sharply peaked R rs spectra with distinctive a ' absorption and Chl fluorescence signatures near 675 nm and 685 nm. While NAP absorption is elevated in WLIS above regional averages, the depressed backscattering ratio and particulate refractive index suggest that turbidity in WLIS is principally driven by phytoplankton biomass and associated detrital materials, rather than suspended sediments. Dissolved absorption is stronger in WLIS than elsewhere, principally due to delivery of CDM from the Hudson River (i.e., via the East River); a phenomenon common in many estuaries [Jerlov, 1953; Siegel et al., 2002; Stedmon and Markager, 2003] and observed elsewhere in LIS [Branco and Kremer, 2005] . In fact, CDM levels in WLIS are similar to those found in Hudson River plume conditions (Figure 4) . Measured S cdm in NYB and WLIS plume waters (NYBp, 0.0155 ± 0.001 nm −1 ) is higher than those of adjacent WLIS (i.e., nonplume, 0.0140 ± 0.0013 nm −1 , p < 0.01), and slightly higher than those considered "typical" of marine environments (0.0145 nm −1 − 0.0015 nm −1 ) . Carder et al. [1989] showed that terrestrial and freshwater CDM is typically associated with a lower fulvic to humic acid fraction accompanied by a decrease in S cdm . Hence, elevated NYBp S cdm suggests a more refractory CDM pool which has undergone considerable photodegradation and a shift to smaller molecular weight CDM complexes absorbing at shorter wavelengths [Del Vecchio and Blough, 2002] .
[40] Contrary to the open ocean, where increased Chl is often associated with a decrease in the chlorophyll-specific phytoplankton absorption [Bricaud et al., 1995] , we observe no significant trend in a ' * with Chl across the region. Measured a ' *(676) are low across LIS (0.01-0.02 m 2 (mg Chl a) −1 ) consistent with a predominance of nano-and microplankton in the region [Ciotti et al., 2002] . Studies by the CT Department of Environmental Protection demonstrated that the assemblage of diatoms, cryptophytes and dinoflagellates was similar across LIS and dominated by larger phytoplankton species (>20 mm) [CTDEP, 2005] . However, we find significantly higher a ' * in the productive waters of WLIS (0.020 ± 0.010 m 2 (mg Chl a) −1 ) compared to ELIS (0.010 ± 0.009 m 2 (mg Chl a) −1 ) (p < 0.01, n = 10). WLIS is also characterized by a smaller average particle size (i.e., higher PSD slope x) compared with all other subregions except CLIS. Although not tested in this study, these results would be consistent with a higher background abundance of smaller ultra-and picoplankton in WLIS, which would serve to increase the bulk a ' *, and may indicate an enhanced microbial loop in these productive waters [Anderson and Taylor, 2001; CTDEP, 2005] .
[41] The New York Bight (NYB) subregion, here including New York Harbor and the East River, is the most optically diverse and variable subregion sampled, although variability is greatly reduced by isolation of stations sampled within river plume conditions (Figures 4-8) . A study by Johnson et al. [2003] demonstrated that plume waters in the region were distinguished by larger contributions to absorption by NAP, and lower contributions by CDM. Our findings also show that plume conditions within NYB are characterized by high a nap , but also exceptionally high a p , a cdm , and b bp , resulting from enhanced Chl, TSM and total particle loads caused in part by urban run-off containing high particulate and nutrient concentrations [e.g., Brosnan and O'Shea, 1996] . The discrepancy between our findings and those of Johnson et al. with respect to absorption by CDM may be explained by the fact that they were contrasting Hudson River plume waters with upwelled waters along the New Jersey shore, whereas our study included stations throughout the region (as shown in Figure 1 ). An increase in S cdm (as described above) was also observed in the plume waters of NYB accompanied by small decreases in S nap and Y. Low values of a ' * are consistent with the presence of large, bloom-forming diatoms common in this region. Modeled bulk particulate refractive indexes are slightly higher in plume (1.14 ± 0.03) than nonplume (1.09 ± 0.03) waters, suggesting that the region contains significant concentrations of both phytoplankton and suspended sediments.
Optical Water Types
[42] The classification of optical water types (defined operationally as waters with similar or covarying optical properties, ocean color parameters, and/or biogeochemical properties) can be valuable or even necessary for optimizing ocean color algorithm performance. The simplest example of this is the convention that operational empirical satellite algorithms for retrieving Chl may be classified as valid only in Case 1 waters in which optical properties are dominated by phytoplankton [Morel and Prieur, 1977] , i.e., generally waters outside of the influence of terrigenous inputs. Identification of optical water types within a region may also facilitate an explanation for some of the variability in optical properties, particularly in highly dynamic coastal and estuarine environments.
[43] We have shown that a considerable degree of the observed variability in IOPs and biogeochemical properties in LIS is attributable to subregional effects such as riverine suspended sediment delivery and high productivity in areas of high nutrient loading. One technique for assessing whether these influences lead to discrete optical regimes within LIS is to evaluate the absorption budgets of the normalized absorption components (i.e., a cdm + a ' + a nap = 1) [Morel and Prieur, 1977; Prieur and Sathyendranath, 1981] . For example, an absorption budget at 440 nm (where all three components absorb strongly) derived by Oubelkheir et al. [2006] for the Fitzroy Estuary and Keppel Bay waters in northeastern Australia showed a pattern in which phytoplankton absorption was increasingly dominant moving offshore, while the inverse was true of NAP absorption. In contrast, a ternary plot of the absorption budgets for each of the 37 stations in LIS at which all of these components were measured reveals two basic regimes (Figure 9 ). Productive WLIS, NYB and most Hudson River plume waters have higher contributions of a ' and a nap , and reside closer to the central "mixed" portion of the plot. ELIS, CLIS and the CT River are centered near the bottom left corner of the plot and dominated by CDM. Compared with absorption budgets (at 443 nm) for various coastal water bodies around Europe, this pattern most closely resembles that of the North Sea [Babin et al., 2003b] .
[44] Van Der Woerd and Pasterkamp [2004, 2008] described how remote sensing retrievals of IOPs and Chl could be improved for the North Sea and Dutch coast through a characterization of optical water type based on combinations of IOPs normalized to their respective constituent concentrations (specific IOPS), such as the chlorophyllspecific phytoplankton absorption coefficient used in this study. A critical component of this methodology is to establish distinct and discrete optical water types within a data set. Following a similar approach to that used by Brando et al. [2006] and Blondeau-Patissier et al. [2009] to establish optical domains in the coastal waters of northeastern Australia, multivariate ordination statistics are performed both on collective measures of IOPs, and on ocean color parameters.
[45] The cluster analysis based on IOP magnitudes (i.e., a p (440), a ' (676), a nap (440), a cdm (440), b p (440), and b bt (555)) show three geographic groups (Figure 10 (top) ): 1) the first (and largest) cluster consists of stations distributed throughout LIS and offshore portions of NYB (i.e., stations generally furthest from direct fluvial influence), 2) consists of stations in WLIS and New York Harbor, and 3) consists of stations in WLIS exhibiting exceptionally high phytoplankton absorption at 676 nm (0.352 -0.378 m −1 ). The dendrogram (Figure 10 (bottom) ) shows individual linkages and the Euclidean distance at which cluster discrimination occurs (1.5) for stations at which all properties were measured (n = 32, closure rank 5). The high cophenet correlation coefficient (0.93) indicates that distances in ordination space are a faithful representation of the original data distances. Selection of the Euclidean distance threshold is somewhat arbitrary, and clearly the linkage between the two largest clusters is relatively strong (indicated by short vertical lines in the dendrogram), meaning that while they are distinct, they are not nearly as different from each other as they are from the third cluster, or from the exceptional stations which do not cluster into any of the three groups. Two exceptional stations (stations which did not fit into any cluster) are also identified: 0820 (Hudson River plume), and 1230 (Connecticut River plume). These stations highlight two optical end-members in LIS representing the two major sources of terrigenous input into LIS (the Hudson and Connecticut rivers). A plot of the first two principal components (explaining > 90% of the observed variance in IOP magnitudes) shows a continuum of the three clusters, and the isolated end-member stations (Figure 11 (left) ). PCA coefficients are all positive in the first principal component indicating it is a weighted average of the IOP magnitudes. NMDS stress is low (0.03), and clustering shows a nearly identical pattern to PCA (data not shown).
[46] A very different story emerges from the results of ordination statistics based on ocean color parameters (i.e., S cdm , S nap , Y, g, a ' *(676)). Briefly, clustering fails to identify distinct clusters of stations with similar attributes, and all stations cluster together (Figure 11 (middle), cophenet correlation 0.76). The first two principal components explain < 70% of the variance in ocean color parameters, therefore data are also displayed in NMDS space to more accurately illustrate ordinate data distances within the single cluster (Figure 11 (right) ). This result reinforces our earlier finding based on ANOVA comparisons, namely that ocean color parameters have low variability across the region.
Summary
[47] By distinguishing properties determined by the magnitude (or concentration) of optical constituents (IOPs) found in LIS waters from those which describe its spectral qualities (ocean color parameters), and then subjecting each to multivariate ordination and hierarchical clustering analysis, we found that the underlying spectral characteristics are relatively stable across all subregions of LIS throughout the year. Variability in the magnitudes of optical properties can largely be explained by proximity to sources of turbidity (such as riverine deposits of NAP and CDM) and areas with high productivity (i.e., in the eutrophic subregion of WLIS and New York Harbor), and to a lesser degree on seasonal changes. The absorption coefficient at most stations is dominated by CDM, although stations in the eutrophic area of WLIS and NYB also have significant contributions of a ' and a nap . Stations tended to cluster into four groups on the basis of IOPs (i.e., a p , a ' , a nap , a cdm , b p , and b bt ), representing highly productive areas (centered in WLIS), turbid productive areas (centered around New York City), optically [48] Clustering analysis and ordination statistics fail to discern any stations or clusters of stations which could be characterized as having a distinct optical water type based on ocean color parameters (i.e., S cdm , S nap , Y, g, a ' *(676)). With very few exceptions, subregional statistical comparison (ANOVA) of these parameters also support this conclusion. Exceptions can be found (e.g., in S cdm and Y) in highly localized areas associated within the Connecticut and Hudson River plumes. Stability in ocean color parameters will facilitate parameterization of semianalytical ocean color algorithms for the region, as dynamic subregional parameterization will not be required.
[49] Discrete measurements of inherent and apparent optical properties provide a foundation for understanding the physical and biogeochemical processes of this complex estuary, as shown in this study. However, ocean color satellite imagery, when properly processed, has the potential for greatly enhancing our observational perspective by providing kilometer or better resolution of surface water properties synoptically. The results of such an effort would allow for enhanced monitoring and characterization of this important estuary over time. Future research will focus on applying the results of this study to developing new approaches for ocean color remote sensing in the region.
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